Doping Dependent Changes in Nitrogen 2p States in the Diluted Magnetic 

Semiconductor Gai.^Cr^N 
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We study the electronic structure of the recently discovered diluted magnetic semiconductor 
Gai-^Cr^N [x = 0.01-0.10). A systematic study of the changes in the occupied and unoccupied 
ligand (N) partial density of states (DOS) of the host lattice is carried out using N Is soft x-ray 
emission and absorption spectroscopy, respectively. X-ray absorption measurements confirm the 
wurtzite N 2p DOS and substitutional doping of Cr into Ga-sites. Coupled changes in the occupied 
and unoccupied N 2p character DOS of Gai-^Cr^N identify states responsible for ferromagnetism 
consistent with band structure calculations. 

PACS numbers: 75.50.Pp, 71.20.-b, 78.70.En, 78.70.Dm 



To achieve practical spintronics,Q it is important 
to realize diluted magnetic semiconductors (DMS) with 
a ferromagnetic Curie temperature, Tc, higher than 
room temperature. Beginning with the work of hole 
doping induced ferromagnetism in Ini_ x Mn x As0 and 
Gai-xMnzAsjjjj systems, there has been extensive ef- 
fort to synthesize higher Tc materials, particularly using 
molecular beam epitaxy (MBE) based methods. Enor- 
mous progress has been achieved in the last decade 
in creating materials which exhibit fascinating proper- 
ties such as 'spin memory'0, 'photo-induced' d and 
'electric- field induced' 0] magnetism, in addition to the 
doping-induced ferromagnetism. Theoretically, Dietl et 
al. showed the importance of Zener's p-d exchange in- 
teraction for the carrier mediated ferromagnetic order in 
DMS materials @- They also predicted that the ferro- 
magnetic Tc can be enhanced to above room temperature 
with Mn doping in GaN and ZnO, fuelling the prospects 
of carrier mediated ferromagnetism in semiconductors 0. 
Combining first principles band structure calculations in 
the local spin-density approximation with a Heiscnbcrg 
model to describe magnetic properties, Sato et al. pre- 
dicted that Cr substitution instead of Mn should lead 
to higher ferromagnetic Tc's than the Mn doped III- 
V systems. Experimentally, significant effort is being 
devoted to synthesize room temperature ferromagnets 
based on the II- VI and III-V semiconductors with transi- 
tion metal substitutions. 

E1E1 El El El El El while 

Co substitution in ZnO has met with limited success 
recent reports of Cr substitution in GaAs and GaN have 
demonstrated ferromagnetism [ill El El El El flfi . Sin- 
gle crystal Cr-doped GaN with a T c = 280 icjllj was 
soon followed by MBE growth of Gai_ x Cr,j,N with a Tc 



in excess of 350 K El El El El ■ 

In establishing ferromagnetism, it is important to 
investigate segregation and/or clustering of impurity 
phases at the nanoscale as suggested by theoretical 
studies [l^. This was recently shown from experimental 
studies of the Co doped Ti02 systemEl- Alternatively, 
the role of a combination of substitutional and interstitial 
doping could also be important, as in Gai-^Mn^As, in 
which the annealing dependence of Gai-^Mn^As can be 
explained on the basis of migration of Mn intcrstitials to 
substitutional sites|l9j|. In another scenario, the anneal- 
ing can cause evaporation of excess As, leading to a trans- 
formation of paramagnetic Mn ions to ferromagnetic Mn 
species (H- However, the enhancement of ferromagnetic 
Tc's is always accompanied by an increase in charge car- 
rier density. This indicates modifications in the occupied 
and/or unoccupied density of states which is suitably ad- 
dressed by valence and conduction band spectroscopy. 
In this context, it is important to use spectroscopy to 
measure the changes in the density of states, and simul- 
taneously ensuring that, the spectroscopy measures the 
intrinsic modifications and not spurious features due to 
impurities at the nanoscale. 

In this work, we investigate the newly synthesized ma- 
terial Gai-^Cr^N which shows room temperature fer- 
romagnetism. We use soft x-ray emission spectroscopy 
(SXES) and x-ray absorption spectroscopy (XAS) across 
the N Is threshold to probe doping dependent changes 
in the host lattice. SXES and XAS are complimentary 
techniques which probe site-selective angular momentum 
projected valence and conduction band DOS around an 
ion, respectively^], HI El 0]- Another important rea- 
son to choose the N Is threshold for the present study 
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FIG. 1: (Color online) Doping dependence of N Is SXES spec- 
tra for Gai-^Cr^N (x = 0.0, 0.01, 0.06 and 0.10) using 401.4 
eV photon energy, together with enlarged spectra around 397 
eV emission energy. 



is that GaN has significantly large N 2p character DOS 
while the Ga 3d DOS as probed by Ga L a SXES is very 
low at and near the valence band maximum, as is well- 
known from earlier studies |22l \23\. Our study provides 
direct evidence for Cr doping induced changes in the N 
2p character DOS of the occupied and unoccupied DOS 
in Gai^Cr^N .The present study also shows that the 
ligand derived occupied DOS exhibit small but system- 
atic changes coupled to changes in unoccupied DOS. The 
angular dependence of the XAS data[25| is used to show 
that the N 2p partial DOS is due to the wurtzite struc- 
ture for x = 0.0 to 0.10, except for the additional new 
doped states which are formed in the band gap of GaN. 
Cr 2p XAS with cluster model calculations confirm the 
tctrahcdral coordination of Cr in the Ga-site. 

GaN and Cr-doped GaN films were grown by NH3- 
MBE on ZnO substrates. The details of growth and 
magnetic properties of Gai-^Cr^N have been reported 
recently |l5|. SXES and XAS measurements were per- 
formed at the undulator beamline BL27SU in SPring- 
8 using linearly polarized light j2||. SXES spectra were 
recorded using a flat field type spectrometer equipped 
with CCD (Charge-Coupled device) detector. [23 XAS 
spectra were obtained by measuring the sample drain cur- 
rent. All the experiments reported were carried out at 
room temperature. The energy resolution was set to 40 
meV at 400 eV for XAS measurements, while the SXES 
resolution was 400 meV at 400 eV as determined from 
specular reflection of GaAs substrates. Angle-dependent 
spectra were recorded with an accuracy of +/- 1 degree. 

Figure 1 shows SXES spectra of Gai-^Cr^N (x = 
0.0 - 0.10) excited with a photon energy of 401.4 eV, 
just across the N Is threshold to enhance the elemen- 
tal specificitvpni E2I |23| . The spectra represent the 
N 2p partial DOS in the valence band. The spectrum 
of pure GaN without doping exhibits two features, a 
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FIG. 2: (Color online) (a) Photon incidence angle dependence 
of N Is XAS spectra for (upper panel) Gai-^Cr^N (x = 0.10) 
and (lower panel) GaN. The upper inset defines the photon 
incidence angle, (b) Cr 2p XAS spectrum for Gai-^Cr^N (x 
= 0.10) with cluster model calculations (line diagram) con- 
firming tetrahedral coordination. 



high intensity feature around 394 eV and a weak fea- 
ture around 389 eV. The spectrum is very similar to 
that reported by Stagarescu et al. at an incident pho- 
ton energy of ~400 eVl^- For the Cr-doped spectra, 
the overall spectral shape remains very similar, except 
for a low intensity feature that grows systematically just 
above the valence band maximum of GaN. To see this 
clearly, the spectra are plotted on an expanded scale in 
the inset. We clearly see that the Cr doping induces an 
additional feature around 397 eV emission energy, which 
systematically grows with Cr content. It represents the 
N 2p states hybridized with the Cr 3d states in the oc- 
cupied valence band of Gai_ x Cr x N. In contrast, the N 
2p partial DOS shows a shift of the leading edge with re- 
spect to the valence band maximum for Al substitution 
in AUGai^NEl. 
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Having studied the occupied N 2p partial DOS, we 
measured N Is to 2p XAS spectra of Gai-^Cr^N (x = 
0.0 - 0.10) to probe the conduction band DOS. The XAS 
spectra were obtained with linearly polarized radiation, 
corresponding to the geometry shown in the inset to Fig. 
2(a). Figure 2(a) shows the incident angle dependence of 
the XAS spectra for the highest Cr content (x = 0.10) 
and pure GaN compositions. The angular dependence for 
the intermediate compositions has also been measured to 
be similar to Fig 2(a). All the spectra are normalized for 
area under the curve from hv = 395 cV to 418 eV. The 
angular dependence represents the orbital character of 
the spectral features in GaN. In Fig 2(a), the sharp fea- 
tures labeled A and C at 401 and ^406 eV, and a broad 
weak feature F, centered at about 411 eV are due to N 
2p z states. The features labeled B, D and E at 403.5, 408 
and 410 eV, respectively are due to N 2p x and 2p y states 
of the wurtzite structure. The observed angular depen- 
dence of the N Is to 2p XAS spectrum for GaN is well- 
established as a fingerprint of the N 2p character DOS 
of the wurtzite structure [25|. ruling out cubic CrN. The 
fact that the angle-dependent spectra are nearly identi- 
cal for GaN and with up to 10% Cr doping (Fig. 2(a)), 
feature for feature, indicates that the site-selective an- 
gular momentum projected N 2p DOS is not modified 
with Cr doping, except for the new states formed in the 
band gap of GaN, just below the conduction band min- 
imum. This confirms absence of impurity nitride phase. 
To rule out Cr clustering or dimer formation, we have 
carried out Cr 2p to 3d XAS, and the spectrum for the 
highest doping concentration of 10% Cr is in Fig. 2(b). 
The experimental spectrum is consistent with a cluster 
calculation for trivalent Cr in the tetrahedral geometry 
of the wurtzite structure using three configurations: 3d 3 , 
3d 4 L and 3d 5 L 2 , where L is hole in ligand (N) states 
0. The ground state consists of 26.4% 3d 3 , 54.1% 3d 4 L 
and 19.5% 3<i 5 L 2 , indicating strong hybridization. The 
crystal field split features (tick marks in Fig. 2(b)) are 
discernible in the L3 edge, as understood from the cal- 
culations. We have also tried trivalent Cr in octahedral 
geometry, but the calculations do not match the data as 
well. This confirms tetrahedral coordination of Cr ions 
in the host lattice, and hence indicates absence of Cr 
clustering or dimer formation. 

The doping dependence (x = 0.0 - 0.10) of the spec- 
tra for a particular angle (60°) is shown in Fig. 3. The 
spectra reveal a systematic growth of unoccupied states 
with Cr substitution, within the band gap of GaN. In 
order to elucidate the nature of these states, we compare 
the experimental occupied and unoccupied partial DOS 
with the calculated partial DOS obtained from results of 
our electronic band structure calculations for pure GaN 
and GaN doped with Cr (Gai_ x Cr x N), based on density 
functional theory (DFT)|29j with generalized gradient 
approximation (GGA) |30j. The cell is optimized with 
VASP [3lJ based on a projector-augmented-wave (PAW) 
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FIG. 3: (Color online) Doping dependence of N Is XAS spec- 
tra for Gai-^Cr^N (x = 0.0, 0.01, 0.06 and 0.10) together 
with enlarged spectra around 397 eV photon energy. The 
spectra are normalized from 395 eV to 418 eV for area under 
the curve. All spectra are for 60° photon incidence angle. 



approach |32j with the following parameters: fc-spacing 
of 0.3/A, SCF convergence of 1.0 x 10 5 eV, gradient 
convergence of 0.03 eV/A, and Gaussian smearing. We 
study the electronic structures of GaN and Gai_a;Cr x N 
with periodic boundary conditions by generating super- 
cells that contain the object of interest. For a GaN:Cr 
supcrcell to represent Gao.9375Cr .o625N, we replace one 
of the 16 sites of Ga atoms by a Cr site in the supercell. 

Figure 4 shows the experimental data of GaN and 
Gao.94Cro.06N compared with the calculated N 2p par- 
tial DOS. We adopt the same procedure as Stagarescu et 
al. to calibrate the energy scale of GaN and the doped 
materials, as compared to the photon energy scale |22|. 
The overall results of the DFT calculations are consis- 
tent with the SXES and XAS spectra, although there 
are some remaining discrepancies for large positive rel- 
ative energies (Fig. 4). The peak structure obtained in 
the band gap of GaN corresponds to the e g and t2 g split 
up-spin (ef and ij) and down spin (e; and t±) states hy- 
bridized with the N 2p states. Assuming a formal Cr 3+ 
state, the Fermi level is expected to lie in the up-spin t-\ 
band with one electron occupied to give a metallic ground 
state. The real system is actually semiconducting, in the 
present case as well other reports ^1 113 flq - but 
displays variable range hopping conductivity as reported 
recently 0. The observed changes in SXES correspond 
to fully occupied e\ and the partially occupied t-\ states. 
The lowest lying unoccupied states in XAS would thus 
be expected to have if -spin band character consisting 
of d xy , d yz and d zx character, with higher lying ej_ and 
ti- The lacfc of angular dependence in the lowest ly- 
ing unoccupied states formed due to Cr-substitution con- 
firms this picture. A recent self-consistent linear muffin 
tin orbital calculation of Cr doped GaN, shows a simi- 
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FIG. 4: (Color online) The N 2p PDOS as calculated for 
Gai-^Cr^N (x = 0.0625) compared with Gai^Cr^N (x = 
0.06) N Is XAS and SXES spectra (upper panel), and simi- 
larly for GaN (lower panel). Inset shows changes in the band 
gap on Cr substitution. 



lar peak structure in the gap for a ferromagnetic ground 
state[33j. 

In a recent x-ray ma gne tic circular dichroism exper- 
iment on Gai_zMn x As|3_4j, it was shown that the As 
4s signal exhibits a magnetic moment antiparallcl to the 
Mn moment while the Ga 4s moment is parallel to the 
Aln moment. This experiment provides conclusive evi- 
dence of carrier mediated fcrromagnctism involving the 
host As-latticc. It would be important to study mag- 
netic circular dichroism, and also spin-polarized photoc- 
mission, of Gai-^Cr^N to determine the spin polariza- 
tion of the doping dependent changes in the occupied and 
unoccupied DOS. 

In conclusion, we have performed N Is SXES and XAS 
and Cr 2p XAS to study the electronic structure of DMS 
Gai-sCr^N (x = 0.01 - 0.10) and GaN. The study con- 
firms the wurtzite N 2p DOS and on-site substitution of 
Cr for Ga from XAS. The valence and conduction band 
show systematic changes with the new doped states of N 
2p character hybridized with Cr 3d states, placed in the 
band gap of GaN. These doped states are responsible for 
the fcrromagnctism in Gai-^Cr^N. 
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